Introduction l.l. Purpose and Scope
In radiation physics, chemistry, biology, and medicine, it is often important to have accurate information about the stopping power of various media for charged particles. The stopping power is the average rate at which the charged particles lose energy at any point along their tracks. The purpose of this report is to supply up-to-date stopping-power information, selected on the basis of the requirements of biomedical dosimetry. In Sections 2 to 6, topics are reviewed which are pertinent to the evaluation of stopping powers for any charged particle within the framework of the Bethe theory.! These include shell corrections, the determination of mean excitation energies from experimental data, the use of the Bragg additivity rule for compounds, and the density-effect correction. Recommended values of mean excitation energies are given in Table 4 .3 for elemental substances and in Table 5 .5 for compounds and mixtures. In Sections 7 to 11, topics are reviewed which pertain mainly or entirely to electrons. These include the radiative stopping power due to the emission of bremsstrahlung, and the information on electron collision stopping power at energies below 10 ke V, where the Bethe theory is no longer fully applicable. In Section 12, electron and positron stopping-power tables are presented for a large number of elements and compounds, covering the energy region from 10 ke V to 1000 MeV. These tables also include the range and the radiation yield (fraction of electron kinetic energy converted to bremsstrahlung as the electrons slow down to rest), both computed in the continuous-slowingdown-approximation (csda)2. 1 The results obtained will be applied to the tabulation of stopping powers for heavy charged particles in a later report.
2 In this approximation, energy-loss fluctuations are disregarded, and the rate of energy loss at any point along the track is assumed to be equal to the stopping power. In many practical situations, the csda range is a close approximation to the mean path length traveled by the particle in the course of slowing down. 1 l.
Background
For electrons and positrons it is customary to separate the total stopping power into two components: (a) the collision stopping power, which is the average energy loss per unit pathlength due to inelastic Coulomb collisions with bound atomic electrons of the medium resulting in ionization and excitation; (b) the radiative stopping power, which is the average energy loss per unit pathlength due to the emission of bremsstrahlung in the electric field of the atomic nucleus and of the atomic electrons. 3 The separation of the stopping power into these two components is useful for two reasons. First, the methods used for the evaluation of the two components are quite different. Second, the energy going into the ionization and excitation of atoms is absorbed in the medium rather close to the particle track, whereas most of the energy lost in the form of bremsstrahlung travels far from the track before being absorbed. This distinction is important when attention 3 The nomenclature "collision stopping power" and "radiative stopping power" is that adopted by the Commission (ICRU, 1980) .
In the literature, the collision stopping power is often referred to as stopping power, with the adjective "collision" omitted, especially in circumstances where the radiative stopping power is negligible. The collision stopping power is sometimes also called "ionization loss." The collision stopping power is identical with the unrestricted linear energy transfer, Loo, often used in radiobiology (see, e.g., ICRU, 1970) .
The excitations contributing to the collision stopping power include not only electronic excitations but also vibrational and rotational excitations of molecules. However, the latter two processes are relatively unimportant above the threshold energy for electronic excitation. Charged particles also lose some energy in elastic collisions with atoms. The transfer of recoil energy to atoms in such events is proportional to the ratio of the mass of the incident particle to the mass of the atom. This mode of energy loss is, therefore, unimportant for electrons except at energies below a few eV, where the cross section for electronic excitation vanishes. For incident heavy particles, however, elastic collisions with atoms constitute a significant mode of energy loss, and give rise to a so-called "nuclear stopping power." is focussed on the energy "imparted locally" to the medium along the track rather than on the energy lost by the incident particle. Actually, a fraction ofthe energy lost in ionizing collisions is converted to kinetic energy of secondary electrons, and is thus carried some distance away from the primary particle track. In order to obtain a rough estimate of the energy imparted locally, it is, therefore, useful to introduce a restricted collision stopping power, defined as the average energy loss per unit pathlength due to excitation events and due to ionization events in which the energy transferred to secondary electrons is smaller than some chosen limit. Representative data on restricted collision stopping powers are given in Section 7 of this report.
Even though electron stopping powers and ranges are widely used, they are rarely measured and must be obtained from stopping-power theory. All previous tables of stopping powers, as well as the tables in this report, contain collision stopping powers for electrons at energies above 10 ke V evaluated according to the theory of Bethe (1930, 1932, 1933) . The energy of 10 keV is a commonly accepted lower limit for the applicability of the theory. The principal non-trivial quantity describing the properties of the medium in Bethe's stoppingpower formula is the mean excitation energy, which is a geometric average of the excitation energies of the medium weighted by the corresponding oscillator strengths. Except for elements with very low atomic number, the mean excitation energies are approximately equal to 10· Z eV, where Z is the atomic number. Accurate ab initio calculations of mean excitation energies are possible at present only for simple atomic gases. For most materials, it is necessary to determine mean excitation energies from experimental data. Another important quantity in the stopping-power formula, not contained in Bethe's original theory, is the densityeffect correction, which takes into account the reduction of the collision stopping power due to the polarization of the medium by relativistic charged particles (Fermi, 1940) . All of the tabulations, including the present one, have relied on the method of Sternheimer (1952) for the evaluation of the density-effect correction.
The first extensive electron stopping-power and range tables were calculated by Nelms, first without, and later with, the density-effect correction (Nelms, 1956 (Nelms, , 1958 . The tables of Berger and Seltzer (1964, 1966) included not only the collision stopping power, but also the radiative stopping power. The latter was evaluated by a combination of bremsstrahlung cross sections given by Bethe and Heitler (1934) and empirical corrections recommended by Koch and Motz (1959) . Pages et al. (1972) , in their tables, used the same mean excitation energies and bremsstrahlung cross sections as those of Berger and Seltzer, and evaluated the density-effect correction according to Sternheimer (1952) , but with somewhat different input parameters.
New Features
The principal new aspects of this work are the following:
(a) A careful review has been made of the mean excitation energies derived from the analysis of stopping-power and range measurements, and from semiempirical dipole oscillator-strength distributions for gases or from dielectric-response functions for liquids and solids.
(b) In the extraction of mean excitation energies from measured stopping powers and ranges, use has been made of empirical shell corrections recently developed by Bichsel (unpublished) as an extension of his earlier work (Bichsel, 1961 (Bichsel, , 1963 (Bichsel, , 1972 .
(c) For compounds for which no direct experimental information is available, the mean excitation energies have been calculated as weighted sums of the mean excitation energies of the atomic constituents (Bragg additivity). The required mean excitation energies of the constituents have been adjusted to take into account, at least approximately, the effects of chemical binding and the physical state of aggregation.
(d) For all tabulated collision stopping powers, csda ranges, and radiation yields, coefficients of variation are given which indicate the sensitivity of these quantities to changes of the mean excitation energy. With these coefficients, the reader can easily make the appropriate adjustments if he prefers values of the mean excitation energies different from those adopted in this report.
(e) Auxiliary data and procedures are given with which one can easily modify the tabulated collision stopping powers and csda ranges for water to obtain corresponding data for similar materials such as tissues, dosimeter solutions, or low-Z plastics not included in the tables.
(f) The density-effect correction has been re-evaluated according to the dispersion model of Sternheimer (1952) . Rather than using Sternheimer's earlier results or the universal fit given by Sternheimer and Peierls (1971) , the density effect has been evaluated using as input the mean excitation energies adopted in this report and values of the binding energies for atomic subshells from Carlson (1975) .
(g) The radiative stopping power for electrons has been calculated with improved theoretical bremsstrahlung cross sections. For bremsstrahlung in the field of the atomic nucleus, cross sections were obtained as follows: (i) at energies up to 2 MeV, recent theoretical results were used that are based on the solution of the Dirac equation and numerical evaluation of the pertinent matrix elements (Tseng and Pratt, 1971; Pratt et al., 1977) ; (ii) above 50 MeV, use was made of cross sections in the high-energy approximation (Davies, Bethe, and Maximon, 1954; Olsen, 1955) , evaluated with improved form-factor screening cor-rections derived from Hartree-Fock wave functions; and (iii) in the energy region from 2 to 50 MeV, it has been found possible to construct reliable cross sections by interpolating with respect to electron energy, using the accurate low-and high-energy theoretical results as anchor points. Bremsstrahlung in the field of the atomic electrons was taken into account according to the theory of Haug (1975) augmented by a screening correction.
(h) Differences between electrons and positrons have 1.3. New Features . .. 3 been taken into account not only in regard to the collision stopping power, but also-for the first time-in regard to the radiative stopping power. Recent theoretical work by Feng et al. (1981) provides radiative stopping powers for positrons in a few materials and at a few energies. These results have been extended to all materials and energies through an interpolation-extrapolation procedure applied to the positron/electron stopping-power ratios.
